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(57) ABSTRACT

A composite magnetic material contains metal magnetic
powder composed of metal magnetic particles, and mica
interposed between the metal magnetic particles as an 1nor-
ganic insulator. The mica has an Fe content of 15 wt % or
less per 100 wt % of the mica mm terms of Fe,O,. To
manufacture the composite magnetic material, first, mixed
powder 1s prepared by mixing the metal magnetic powder
and the mica so as to be dispersed into each other. Next, a
compact 1s formed by pressure-molding the mixed powder.
Finally, the compact 1s heat-treated.
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COMPOSITE MAGNETIC MATERIAL AND
METHOD FOR MANUFACTURING SAME

RELATED APPLICATIONS

This application 1s a national phase of International Appli-
cation No. PCT/JP2013/001753, filed on Mar. 15, 2013,
which 1n turn claims the benefit of Japanese Application No.

2012-064998, filed on Mar. 22, 2012, the disclosures of
which Applications are incorporated by reference herein.

TECHNICAL FIELD

The present mvention relates to a composite magnetic
material used 1n electronic devices such as inductors, choke
coils, and transformers, and a method for manufacturing the
composite magnetic materal.

BACKGROUND ART

With the recent downsizing of electrical and electronic
devices, mnductor components including magnetic materials
are also demanded to be smaller and more etlicient. For
example, a choke coil, which 1s an inductor component used
in a high-frequency circuit, includes either a ferrite magnetic
core made of ferrite powder or a composite magnetic mate-
rial (a compressed powder magnetic core). The composite
magnetic material 1s a compact of metal magnetic powder.

The ferrite magnetic core has disadvantages of low satu-
ration magnetic flux density and low DC superimposing
characteristics. Therefore, 1n order to ensure sufficient DC
superimposing characteristics, conventional ferrite magnetic
cores are provided with a gap of several hundreds of
micrometers 1 a direction perpendicular to the magnetic
path, thereby keeping the inductance L at DC superimposi-
tion. However, such a large gap causes a beat note, and also
a leakage magnetic flux particularly 1in high-frequency
ranges, thereby causing serious copper loss 1n the copper
windings.

In contrast, the composite magnetic material, which 1s
manufactured by molding metal magnetic powder, 1s advan-
tageous for use in small devices because 1ts saturation
magnetic flux density 1s far greater than that of the fernte
magnetic core. Unlike the ferrite magnetic core, the com-
posite magnetic material can be used without forming a gap,
thereby having small beat note and low copper loss caused
by the leakage magnetic tlux.

The composite magnetic material, however, cannot be
said to be superior to the ferrite magnetic core in terms of
magnetic permeability and core loss. In particular, when
used 1n a choke coil or an inductor, the composite magnetic
material has large core loss, and hence, the core 1s likely to
rise in temperature. For this reason, 1t 1s diflicult to downsize
inductor components containing the composite magnetic
material. Furthermore, the composite magnetic matenal
must have a large mold density in order to have high
magnetic properties. The molding pressure required 1s not
less than 6 ton/cm?, or is not less than 10 ton/cm” depending
on the product.

The core loss of a composite magnetic material 1s usually
composed of an eddy current loss and a hysteresis loss. In
general, metal magnetic powder has low intrinsic resistivity.
Theretfore, 1 the magnetic field changes, an eddy current
flows so as to reduce this change, thus raising the problem
of eddy current loss. The eddy current loss increases as the
square of the frequency and the square of the area where the
eddy current flows. The area where the eddy current tlows
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can be reduced from the entire core containing the metal
magnetic particles to only within the metal magnetic par-
ticles by coating the surface of the metal magnetic particles
composing the metal magnetic powder with an insulating
material. As a result, the eddy current loss can be reduced.

In addition, as the composite magnetic material 1s molded
under high pressure, a large number of process strains are
introduced 1nto the compact. The composite magnetic mate-
rial 1s thus decreased in the magnetic permeability and 1s
increased 1n the hysteresis loss. To avoid this problem, after
being molded, the compact 1s heat-treated to relax the
strains, 1f necessary. In general, the relaxation of the strains
introduced into the metal magnetic powder occurs at a
heat-treatment temperature that 1s at least half the melting
point. In order to sufliciently relax the strains in Fe-rich
alloy, the compact must be heat-treated at 600° C. or more,
and preferably at 700° C. or more. In other words, 1n the case
of using the composite magnetic material, it 1s essential to
heat-treat the compact at a high temperature while the
insulation between the metal magnetic particles 1s main-
tained.

Examples of the msulating binder used 1n the composite
magnetic material include epoxy resin, phenol resin, and
vinyl chloride resin. These organic resins, however, have
low heat resistance and are thermally decomposed if the
compact 1s heat-treated at high temperature to relax the

strains. For this reason, these nsulating binders cannot be
used.

To overcome this problem, the use of polysiloxane resin
has been proposed (PLT 1, for example).

CITATION LIST
Patent Literature

PLT 1: Japanese Unexamined Patent Publication No.
HO06-29114

SUMMARY OF THE INVENTION

The present invention 1s a composite magnetic material
that can be heat-treated at a high temperature and has
excellent magnetic properties, and a method for manufac-
turing the composite magnetic material. The composite
magnetic material of the present invention contains metal
magnetic powder composed of metal magnetic particles, and
mica 1terposed as an mnorganic msulator between the metal
magnetic particles. The mica has an Fe content of 15 wt %
or less per 100 wt % of the mica in terms of Fe,O;. The
method for manufacturing a composite magnetic material of
the present invention includes the following steps. First,
mixed powder 1s prepared by mixing the metal magnetic
powder with mica so as to be dispersed 1nto each other. Next,
a compact 1s formed by pressure-molding the mixed powder.
Then, the compact 1s heat-treated. The mica has an Fe
content of 15 wt % or less per 100 wt % of the mica 1n terms
of Fe,Os;.

In the composite magnetic material of the present mnven-
tion, the mica 1s interposed as an 1norganic insulator with
excellent heat resistance between the metal magnetic par-
ticles. This configuration prevents the metal magnetic par-
ticles from reacting with each other 1in a high-temperature
heat treatment. In the case that the Fe content of the mica 1s
15 wt % or less 1n terms of Fe,O,, the composite magnetic
material has excellent magnetic properties, while ensuring,
the 1mnsulation between the metal magnetic particles.
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DESCRIPTION OF EMBODIMENT

The use of polysiloxane resin allows the msulating mate-
rial used for msulation between the metal magnetic particles
to be slightly more heat resistant than the use of organic resin
such as epoxy resin or phenol resin. However, even with the
use of polysiloxane resin, the heatproof temperature of the
compact 1s 500 to 600° C., and 1t 1s dithcult to perform heat
treatment at temperatures exceeding this range.

Hereinafter, the composite magnetic material of an
embodiment of the present invention will be described. The
composite magnetic material of the present embodiment
contains metal magnetic powder composed of metal mag-
netic particles, and mica interposed as an 1organic msulator
between the metal magnetic particles.

Mica 1s classified into mineral mica as a natural resource
and synthetic mica produced through a solid phase reaction
synthesis or a melting synthesis. Examples of the mineral
mica include muscovite, phlogopite, and biotite, whereas
examples of the synthetic mica include tetrasilicic fluormica
and fluorphlogopite. In the present embodiment, any of these
micas can be used.

Mica 1s highly heat resistant. Therefore, when 1nterposed
between metal magnetic particles, mica can prevent the
metal magnetic particles from reacting with each other even
during a high-temperature heat treatment.

The mica has an Fe content of 15 wt % or less 1n terms
of Fe,0O;. Since Fe can be either divalent or trivalent, it may
cause hopping conduction. Limiting the Fe content of the
mica to 15 wt % or less 1n terms of Fe,O; can reduce the
clectronic conductivity due to the above cause, thereby
improving the insulation of the mica itself.

Although for the reason i1s unknown, the addition of Fe to

mica decreases the hardness of mica itself and improves its
deformability. This increases the density of the composite
magnetic material after being pressure-molded. Therefore, it
1s preferable that the mica contain trace amounts of Fe. More
specifically, 1t 1s preferable that the Fe content of the mica
be within the range from 0.5 wt % to 15 wt %, inclusive, in
terms of Fe,O,. This allows the composite magnetic mate-
rial to have excellent magnetic properties.
It 1s also preferable that the mica be composed of flat-
particle powder. In the case of using mica composed of
flat-particle powder, the mnsulation between the metal mag-
netic particles can be higher than 1n the case of using mica
composed of spherical-particle powder. This can reduce the
amount of mica to be added, and hence, increase the filling
factor of the metal magnetic powder in the composite
magnetic material, thereby improving the magnetic proper-
ties of the composite magnetic material. It 1s preferable that
the mica particles have an aspect ratio of 4 or more.

In the case that the average length of the long axes of flat
particles of the mica 1s too smaller than the average particle
s1ze ol the metal magnetic particles, the insulation between
the metal magnetic particles 1s too low to obtain the above-
described insulation effect due to the flat particles. In this
case, a larger amount of mica needs to be added, which
decreases the filling factor of the metal magnetic powder 1n
the composite magnetic material, and hence, decreases the
magnetic properties of the composite magnetic material. In
the case that the average length of the long axes of the flat
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particles of the mica 1s too larger than the average particle
size of the metal magnetic particles, some of the metal
magnetic particles contact with each other, failing to ensure
high electrical insulation between the metal magnetic par-
ticles, thereby increasing the eddy current loss. Hence, the

preferable average length of the long axes of the flat particles
of the mica 1s 0.02 to 1.5 times the average particle size of
the metal magnetic particles.

The amount of mica to be added 1s preferably within the
range from 0.1 parts to 5 parts, inclusive, by weight per 100
parts by weight of the metal magnetic powder. The amount
of mica within this range ensures the electrical isulation
between the metal magnetic particles and also provides a
high filling factor of the metal magnetic powder in the
compact (for example, the compressed powder magnetic
core) ol the composite magnetic material. As a result, the
composite magnetic material has high magnetic properties.

In the present embodiment, the metal magnetic powder
contains at least Fe, and 1s preferably composed of at least
one selected from the group consisting of Fe, Fe—Si alloy,
Fe—Ni alloy, and Fe—Si1—Al alloy.

The S1 content of the Fe—=Si1 alloy 1s preferably within the
range from 1 wt % to 8 wt %, inclusive, and the remainder
1s composed of Fe and unavoidable impurities. When the Si
content 1s 1 wt % or more, the magnetic properties are large,
and when 1t 1s 8 wt % or less, the saturation magnetic flux
density 1s high, thereby suppressing a decrease in the DC
superimposing characteristics.

In the case that the S1 content 1s within the above range,

the composite magnetic material has high magnetic proper-
ties and a low magnetic anisotropy and a low magnetostric-
tion constant. Si reacts with oxygen and forms S1 oxide
having a micro thickness on the surface of the metal mag-
netic particles. This increases the electrical 1nsulation
between the metal magnetic particles, thereby reducing the
eddy current loss.
The Ni content of the Fe—Ni alloy is preferably within
the range from 40 wt % to 90 wt %, inclusive, and the
remainder 1s composed of Fe and unavoidable impurities.
When the Ni content 1s 40 wt % or more, the magnetic
properties are large, and when 1t 1s 90 wt % or less, the
saturation magnetic flux density 1s high, thereby suppressing
a decrease 1n the DC superimposing characteristics. Further-
more, 1t 1s possible to add 1 wt % to 6 wt % of Mo to increase
the magnetic permeability.

In the Fe—S1—Al alloy, the Si1 content 1s preferably
within the range from 6 wt % to 10 wt %, inclusive, and the
Al content 1s preferably within the range from 5 wt % to 9
wt %, inclusive, and the remainder 1s composed of Fe and
unavoidable impurities. In the case that the amounts of S1
and Al are within the above composition ranges, the com-
posite magnetic material has high soit magnetic properties,
and high saturation magnetic flux density, thereby suppress-
ing a decrease 1n the DC superimposing characteristics.

Among the above-mentioned various metal magnetic
powders, the one composed of the Fe—S1—Al alloy 1s most
preferable because of having the lowest loss and high total
solt magnetic properties.

It 1s preferable that the metal magnetic particles have an
average particle size within the range from 1 um to 100 um,
inclusive. When the average particle size 1s 1 um or more,
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the composite magnetic material has high mold density and
high magnetic properties. When the average particle size 1s
100 um or less, the composite magnetic material has low
eddy current loss 1n high-frequency ranges. The average
particle size 1s more preferably 50 um or less. The average
particle size of the metal magnetic particles can be measured
using laser diffraction particle size analysis. According to
this analysis, when the measured particles have the same ray
diffraction/scattering pattern as a 10 um-diameter sphere, the
particle size 1s defined as 10 um regardless of the shape of
the particles.

In the case that the metal magnetic particles are flat- or
scaly-shaped with a large surface area, the particles come
into contact with each other, causing an increase 1n the eddy
current loss. To avoid this problem, the metal magnetic
particles are preferably spherical with an aspect ratio in the
range from 1 to 3, and more preferably in the range from 1
to 2. The compact formed by pressure-molding the spherical
metal magnetic particles has high mold density and the
shape contributes to magnetic permeability.

The method for manufacturing the metal magnetic pow-
der 1s not particularly limited; various atomizing methods
and various kinds of pulverized powders can be used.

The method for manufacturing the composite magnetic
material of the present embodiment will be described here-
iafter. First, metal magnetic powder and an 1norganic
insulator are mixed so as to be dispersed 1nto each other to
prepare mixed powder. The devices and methods to be used
in the dispersion process are not particularly limited. For
example, 1t 1s possible to use a ball mill such as a rotary ball
mill or a planetary ball mill, a V-blender or a planetary
mixer.

Next, the mixed powder 1s mixed with a bonding material
to prepare granular powder. The devices and methods to be
used 1n the granulation process are not particularly limited;
for example, the above-mentioned methods to be used for
the mixing and dispersion of the metal magnetic powder and
the 1norganic mnsulator can be used. Furthermore, the bond-
ing material can be added when the metal magnetic powder
and the 1norganic insulator are mixed so as to be dispersed
into each other. Note that the granulation process i1s not
essential.

Examples of the bonding material include coupling agents
based on silane, titanium, chromium, and aluminum, and
resins such as silicone resin, epoxy resin, acrylic resin,
butyral resin, and phenol resin. Preferable among them are
coupling agents based on silane, titanium, chromium, and
aluminum, and silicone resin. Using them allows their
oxides to remain 1n the composite magnetic material after
the high-temperature heat treatment.

The remaiming oxides play a role 1in bonding the metal
magnetic particles and the inorganic insulator, thereby
increasing the mechanical strength of the composite mag-
netic material after the high-temperature heat treatment. As
long as the mechanical strength of the composite magnetic
matenal 1s suiliciently ensured, it 1s possible to add epoxy
resin, acrylic resin, butyral resin, phenol resin or the like,
together with the bonding material.

Next, the above-mentioned granular powder 1s pressure-
molded to form a compact. The molding method 1n the
pressure-molding process 1s not particularly limited; any
common pressure-molding method can be used. It 1s pret-
crable that the molding pressure be within the range from 6
to 20 ton/cm?, inclusive. If the molding pressure is less than
6 ton/cm”, the filling factor of the metal magnetic powder is
low, making i1t impossible to obtain high magnetic proper-
ties. If the pressure is more than 20 ton/cm”, on the other
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hand, a large mold 1s required to ensure the mechanical
strength at the time of pressure molding. This decreases the
productivity, leading to a cost increase 1n the product.

Next, the compact 1s heat-treated. In the heat-treatment
process, the process strains itroduced into the metal mag-
netic powder at the time of pressure molding are relaxed,
thereby restoring the original magnetic properties. The
higher the heat-treatment temperature, the better because
more process strains can be relaxed. However, too high a
temperature causes the metal magnetic particles to sinter
together, providing insuflicient insulation between the metal
magnetic particles, thereby increasing the eddy current loss.
Hence, 1t 1s preferable that the heat-treatment temperature be
within the range from 700° C. to 1000° C., inclusive. The
heat treatment within this temperature range can sufliciently
relax the process strains, allowing the compact to have high
magnetic properties and low eddy current loss.

It 1s preferable that the heat-treatment process be per-
formed 1n a non-oxidizing atmosphere, which suppresses a
decrease in the soft magnetic properties caused by the
oxidation of the metal magnetic powder. Examples of the
atmosphere to perform the heat treatment of the compact
include an inert atmosphere using, for example, argon gas,
nitrogen gas, or helium gas; a reducing atmosphere using,
for example, hydrogen gas; and a vacuum atmosphere.

Hereinaftter, the composite magnetic material of the pres-
ent embodiment will be described 1n detail using Examples.

Samples of the composite magnetic material are prepared
using Fe—S1—Al magnetic powder as the metal magnetic
powder and mica as the morganic nsulator. The measure-
ment results of the magnetic properties will be described
with reference to Table 1.

In Samples Nos. 1 to 11 shown in Table 1, the metal
magnetic powder has a composition of 8.9 wt % S1, 5.4 wt
% Al, and the remainder composed of Fe and unavoidable
impurities. The average particle size of the metal magnetic
powder 1s 22 um. The micas used as the morganic insulator
have an aspect ratio of 30. The average length of the long
axes of the mica particles 1s 15 um. The other data are as
shown 1n Table 1. In Samples Nos. 1 to 11, the Fe contents
of the micas are different form each other. The amount of
mica added 1s 1.2 parts by weight per 100 parts by weight
of the metal magnetic powder. First, the above-mentioned
metal magnetic powder 1s mixed with the respective micas
to prepare respective mixed powders.

Then, 1.0 part by weight of silicone resin 1s added as the
bonding material to 100 parts by weight of the obtained
respective mixed powders, and then a small amount of
toluene 1s added thereto. The resulting mixtures are each
kneaded to prepare respective granular powders. These
granular powders are pressure-molded at a molding pressure
of 11 ton/cm?, and then heat-treated for 1 h at 850° C. under
an argon atmosphere. As a result, samples are completed
which are toroidal cores having an outer diameter of 14 mm,
an mner diameter of 10 mm, and a height of about 2 mm.

The completed samples are evaluated for DC superim-
posing characteristics and core loss. The DC superimposing
characteristics are evaluated by measuring the magnetic
permeability at an applied magnetic field of 54 Oe and a
frequency of 110 kHz using an LCR meter. The core loss 1s
cvaluated at a measuring frequency of 120 kHz and a
measuring magnetic tlux density of 0.1 T using an AC B-H
curve tracer. The Fe content of each mica 1s measured using
ICP emission spectrometry. The measurement results are
shown 1n Table 1.
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TABLE 1
Fe content
(wt %0)
sample (In terms of  magnetic core loss
No inorganic insulator Fe,0;) permeability  (kW/m®) remarks
1 fluorphlogopite 0 50 429 synthetic
2 muscovite 0.2 51 407  mineral
3 tetrasilicic fluormica 0.4 53 396 synthetic
4 muscovite 0.5 60 240 mineral
5 phlogopite 1 62 209 mineral
6 phlogopite 4 63 204  mineral
7 biotite 8 61 226 mineral
8 fluorphlogopite 12 58 308 synthetic
9 tetrasilicic fluormica 15 56 330 synthetic
10 tetrasilicic fluormica 16 41 627 synthetic
11 fluorphlogopite 20 32 980 synthetic

The results in Table 1 indicate that the toroidal cores of
Samples Nos. 1 to 9 1n which each of the micas has an Fe
content of 15 wt % or less 1 terms of Fe,O, have much
higher magnetic permeability and much lower core loss than
the toroidal cores in Samples Nos. 10 and 11. The mica in
Samples No. 10 has an Fe content of 16 wt % and the mica
in Sample No. 11 has an Fe content of 20 wt % both 1n terms
of Fe,O,.

A comparison between Samples Nos. 1 to 3 and Samples
Nos. 4 to 9 indicate that the magnetic permeability 1s high
and the core loss 1s low 1n the case that the Fe content is
within the range from 0.5 wt % to 15 wt %, inclusive, in
terms of Fe,O,.

Next, samples of the composite magnetic material are
prepared using Fe—Ni1 magnetic powder as the metal mag-
netic powder and mica as the inorganic insulator. The
measurement results of the magnetic properties will be
described as follows.

In Samples Nos. 12 to 21 shown 1n Table 2, the metal
magnetic powder has a composition of 49 wt % N1 and the
remainder composed of Fe and unavoidable impurities. The
average particle size of the metal magnetic powder 1s 16 um.
The micas have an aspect ratio of 20. The average length of
the long axes of the mica particles 1s 10 um. The micas used
in this case are tluorphlogopite. The other data are shown 1n
Table 2. In Samples Nos. 12 to 21, the Fe contents of the
micas are different from each other. The amount of mica
added 1s 1.0 part by weight per 100 parts by weight of the
metal magnetic powder. First, the above-mentioned metal
magnetic powder 1s mixed with the respective micas to
prepare respective mixed powders.

Then, 0.7 parts by weight of titanium-based coupling
agent and 0.6 parts by weight of butyral resin are added to
100 parts by weight of the obtamned respective mixed
powders, and then a small amount of ethanol 1s added
thereto. The resulting mixtures are each kneaded to prepare
respective granular powders. These granular powders are
pressure-molded at 9 ton/cm?, and then heat-treated for 0.5
h at 780° C. under a nitrogen atmosphere. The completed
samples are toroidal cores having the same dimensions as

those 1n the previous samples.

The completed samples are evaluated for DC superim-
posing characteristics and core loss. The DC superimposing,
characteristics are evaluated by measuring the magnetic
permeability at an applied magnetic field of 50 Oe and a
frequency of 120 kHz using an LCR meter. The core loss 1s
evaluated at a measuring frequency of 110 kHz and a
measuring magnetic tlux density of 0.1 T using an AC B-H
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curve tracer. The Fe content of each mica 1s measured using
ICP emission spectrometry. The measurement results are
shown 1n Table 2.

TABLE 2

Sample Fe content (wt %) magnetic core loss
No. (in terms of Fe,O5) permeability (kW/m?)
12 0 59 690
13 0.1 60 685
14 0.4 64 670
15 0.5 70 590
16 3 72 595
17 9 71 605
18 11 70 620
19 15 69 625
20 16 49 790
21 19 42 1100

The results in Table 2 indicate that the toroidal cores of
Samples Nos. 12 to 19 1n which each of the micas has an Fe
content of 15 wt % or less in terms of Fe,O, have much
higher magnetic permeability and much lower core loss than
the toroidal cores 1n Samples Nos. 20 and 21. The mica in
Sample No. 20 has an Fe content of 16 wt % and the mica
in Sample No. 21 has an Fe content of 19 wt %, both 1n terms
of Fe,O,.

A comparison between Samples Nos. 12 to 14 and
Samples Nos. 15 to 19 indicate that the magnetic perme-
ability 1s high and the core loss 1s low 1n the case that the Fe
content 1s within the range from 0.5 wt % to 15 wt %,
inclusive, in terms of Fe,O,.

Next, samples of the composite magnetic material are
prepared using Fe—S1 magnetic powder as the metal mag-
netic powder and mica as the inorganic insulator. The
measurement results of the magnetic properties will be
described as follows.

In Samples Nos. 22 to 31 shown in Table 3, the metal
magnetic powder has a composition of 5.1 wt % S1 and the
remainder composed of Fe and unavoidable impurities. The
average particle size of the metal magnetic powder 1s 19 um.
The micas have an aspect ratio of 6. The average length of
the long axes of the mica particles 1s 5 um. The micas used
in this case are tetrasilicic fluormica. The other data are

shown 1n Table 3. In Samples Nos. 22 to 31, the Fe contents
of the micas are different from each other. The amount of
mica added 1s 2.0 parts by weight per 100 parts by weight
of the metal magnetic powder. First, the above-mentioned
metal magnetic powder 1s mixed with the respective micas
to prepare respective mixed powders.
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Then, 1.5 parts by weight of acrylic resin 1s added to 100
parts by weight of the obtained respective mixed powders,
and then a small amount of toluene 1s added thereto. The
resulting mixtures are each kneaded to prepare respective
granular powders. These granular powders are pressure-
molded at 16 ton/cm?>, and then heat-treated for 1.0 h at 900°
C. under an argon atmosphere. The completed samples are
toroidal cores having the same dimensions as those in the
previous samples.

The completed samples are evaluated for DC superim-
posing characteristics and core loss. The DC superimposing,
characteristics are evaluated by measuring the magnetic
permeability at an applied magnetic field of 52 Oe and a
frequency of 120 kHz using an LCR meter. The core loss 1s
evaluated at a measuring frequency of 110 kHz and a
measuring magnetic tlux density of 0.1 T using an AC B-H
curve tracer. The Fe content of each mica 1s measured using
ICP emission spectrometry. The measurement results are
shown 1n Table 3.

TABLE 3

Sample Fe content (wt %o) magnetic core loss
No. (in terms of Fe,03) permeability (kW/m?)
22 0 56 1550
23 0.1 57 1540
24 0.4 60 1460
25 0.5 69 1305
26 2 73 1260
27 5 75 1250
28 9 74 1300
29 15 71 1370
30 16 50 1690
31 25 46 2050

The results 1n Table 3 indicate that the toroidal cores of
Samples Nos. 22 to 29 1n which each of the micas has an Fe
content of 15 wt % or less 1n terms of Fe,O; have much
higher magnetic permeability and much lower core loss than
the toroidal cores in Samples Nos. 30 and 31. The mica in
Sample No. 30 has an Fe content of 16 wt % and the mica

in Sample No. 31 has an Fe content of 25 wt %, both in terms
of Fe,O,.

A comparison between Samples Nos. 22 to 24 and
Samples Nos. 25 to 29 indicate that the magnetic perme-
ability 1s high and the core loss 1s low 1n the case that the Fe
content 1s within the range from 0.5 wt % to 15 wt %,
inclusive, 1 terms of Fe,O,.

As understood from above, the composite magnetic mate-
rial of the present embodiment has excellent magnetic
properties because the mica has an Fe content of 15 wt % or
less 1n terms of Fe,O;. The Fe content of the mica 1s more
preferably within the range from 0.5 wt % to 15 wt %,
inclusive, 1n terms of Fe,Os;.

The measurement results 1n Table 1 indicate that in the
case of using the Fe—S1—Al magnetic powder, 1t 1s more
preferable that the Fe content of the mica be within the range
from 0.5 wt % to 8 wt %, inclusive, 1n terms of Fe,O;. The
measurement results 1n Tables 2 and 3 indicate that 1n the
case of using the Fe—Ni magnetic powder and the Fe—=Si1
magnetic powder, respectively, 1t 1s more preferable that the
Fe content of the mica be within the range from 0.5 wt % to
9 wt %, 1nclusive, 1n terms of Fe,O,. Thus, in the case of
using any ol the above-mentioned three kinds of metal
magnetic powders, 1t 1s more preferable that the Fe content
of the mica be within the range from 0.5 wt % to 8 wt %,
inclusive, 1 terms of Fe,O,.
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Next, samples of the composite magnetic material that are
different from each other 1n molding pressure are prepared
using Fe powder as the metal magnetic powder and mica as
the inorganic insulator. The measurement results of the
magnetic properties will be described as follows.

In Samples Nos. 32 to 37 shown in Table 4, the metal
magnetic powder 1s Fe powder having an average particle
size of 10 um. The mica has an aspect ratio of 20. The
average length of the long axes of the mica particles 1s 8 um.
The mica used 1n this case 1s fluorphlogopite. The Fe content
of the mica measured using ICP emission spectrometry 1s 4
wt % 1n terms of Fe,O;. The amount of mica added 1s 3.0
parts by weight per 100 parts by weight of the metal
magnetic powder. First, the above-mentioned metal mag-
netic powder 1s mixed with the mica to prepare mixed
powder.

Then, 2.0 parts by weight of silicone resin 1s added to 100
parts by weight of the obtained mixed powder, and then a
small amount of toluene 1s added thereto. The resulting
mixture 1s kneaded to prepare respective granular powders.
These granular powders are pressure-molded at the respec-
tive molding pressures shown in Table 4, and then heat-
treated for 1.5 h at 750° C. under an argon atmosphere. The
completed samples are toroidal cores having the same
dimensions as those in the previous samples.

The completed samples are evaluated for DC superim-
posing characteristics and core loss. The DC superimposing
characteristics are evaluated by measuring the magnetic
permeability at an applied magnetic field of 50 Oe and a
frequency of 150 kHz using an LCR meter. The core loss 1s
evaluated at a measuring frequency of 100 kHz and a
measuring magnetic tlux density of 0.1 T using an AC B-H
curve tracer. The measurement results are shown in Table 4.

TABLE 4

Sample molding pressure magnetic core loss
No. (ton/ecm?) permeability (kW/m?)
32 5 42 2900
33 6 59 2090
34 8 69 1980
35 10 70 1950
36 15 73 1940
37 20 75 1930

The results 1n Table 4 indicate that the toroidal cores of
Samples Nos. 33 to 37 prepared at molding pressures of 6
ton/cm” or more have high magnetic permeability and low
core loss.

Next, samples of the composite magnetic material that are
different from each other in heat-treatment temperature are
prepared using Fe—Ni—Mo magnetic powder as the metal
magnetic powder and mica as the morganic insulator. The
measurement results of the magnetic properties will be
described as follows.

In Samples Nos. 38 to 45 shown in Table 35, the metal
magnetic powder has a composition of 78 wt % Ni, 4.3 wt
% Mo, and the remainder composed of Fe and unavoidable
impurities. The average particle size of the metal magnetic
powder 1s 18 um. The mica has an aspect ratio of 35. The
average length of the long axes of the mica particles 1s 11
um. The mica used 1n this case i1s fluorphlogopite. The Fe
content of the mica measured using ICP emission spectroms-
etry 1s 3 wt % 1n terms of Fe,O;. The amount of mica added
1s 2.5 parts by weight per 100 parts by weight of the metal
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magnetic powder. First, the above-mentioned metal mag-
netic powder 1s mixed with the mica to prepare mixed

powder.

Then, 1.0 part by weight of aluminum-based coupling
agent and 0.8 parts by weight of butyral resin are added to
100 parts by weight of the obtained mixed powder, and then
a small amount of ethanol 1s added thereto. The resulting
mixture 1s kneaded to prepare respective granular powders.
These granular powders are pressure-molded at 8 ton/cm?,
and then heat-treated for 0.5 h at the respective temperatures
shown 1n Table 5 under a nitrogen atmosphere. The com-
pleted samples are toroidal cores having the same dimen-
sions as those 1n the previous samples.

The completed samples are evaluated for DC superim-
posing characteristics and core loss. The DC superimposing
characteristics are evaluated by measuring the magnetic
permeability at an applied magnetic field of 50 Oe and a
frequency of 120 kHz using an LCR meter. The core loss 1s
evaluated at a measuring frequency of 120 kHz and a
measuring magnetic tlux density of 0.1 T using an AC B-H
curve tracer. The measurement results are shown in Table 5.

TABLE 5
heat-treatment

Sample temperature magnetic core loss
No. (° C.) permeability (kW/m?)
38 500 39 990
39 640 43 580
40 700 61 400
41 850 70 260
42 900 73 300
43 1000 59 490
44 1050 42 1200
45 1200 34 4500

The results 1n Table 5 indicate that the toroidal cores of
Samples Nos. 40 to 43 prepared at heat-treatment tempera-
tures within the range from 700° C. to 1000° C., inclusive,

have high magnetic permeability and low core loss.
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INDUSTRIAL APPLICABILITY

The present invention 1s useful as a composite magnetic
body used 1n electronic devices such as inductors, choke
coils, and transformers 1n order to provide excellent mag-
netic properties.

The mmvention claimed 1s:

1. A composite magnetic material comprising;:

metal magnetic powder composed of metal magnetic

particles formed of at least one selected from the group
consisting of Fe, Fe—S1 alloy, Fe—N1 alloy, Fe—IN1—
Mo alloy, and Fe—Si1—Al alloy; and
mica iterposed between the metal magnetic particles,
wherein a Fe content of the mica 1s within a range of 0.5
wt % to 15 wt %, inclusive, per 100 wt % of the mica
in terms of Fe,O..

2. The composite magnetic material according to claim 1,
wherein the metal magnetic powder 1s composed of the
Fe—Si1—Al alloy.

3. A method for manufacturing a composite magnetic
material, the method comprising:

preparing mixed powder by mixing metal magnetic pow-

der composed of metal magnetic particles with mica so
as to be dispersed into each other;

forming a compact by pressure-molding the mixed pow-

der:; and

heat treating the compact,

wherein the metal magnetic powder 1s formed of at least

one selected from the group consisting of Fe, Fe—=Si1
alloy, Fe—Ni1 alloy, Fe—Ni1—Mo alloy, and Fe—S1—
Al alloy, and

a Fe content of the mica 1s within a range of 0.5 wt % to
15 wt %, inclusive, per 100 wt % of the mica 1n terms
of Fe,O;.

4. The method according to claim 3, wherein when
forming the compact, the mixed powder 1s pressed at a
molding pressure within a range of 6 ton/cm? to 20 ton/cm?,
inclusive.

5. The method according to claim 3, wherein the compact
1s heat-treated at a temperature within a range of 700° C. to
1000° C., inclusive, in a non-oxidizing atmosphere.
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